C. rodentium SUMMARY Interleukin-33 promotes intestinal epithelial cells production of the antimicrobial peptide REG3g, which is mediated by mTOR, STAT3, and ERK1/2. Furthermore, interleukin-33 controls gut microbiota, and enhances the capability of intestinal epithelial cells to limit bacteria survival, possibly through induction of REG3g.
BACKGROUND & AIMS:
Regenerating islet-derived protein (REG3g), an antimicrobial peptide, typically expressed by intestinal epithelial cells (IEC), plays crucial roles in intestinal homeostasis and controlling gut microbiota. However, the mechanisms that regulate IEC expression of REG3g are still largely unclear. In this study, we investigated whether and how interleukin (IL) 33, an alarmin produced by IEC in response to injury, regulates REG3g expression in IEC, thus contributing to intestinal homeostasis.
METHODS: IEC were isolated from wild-type and IL33 -/mice to determine expression of REG3g and other antimicrobial peptides by quantitative real-time polymerase chain reaction and Western blot. IEC cell lines were used for mechanistic studies. 16S rRNA pyrosequencing analysis was used for measuring gut microbiota. Citrobacter rodentium was used for enteric infections.
RESULTS:
The expression of REG3g, but not b-defensins, in IECs of IL33 -/mice was significantly lower than wild-type mice. IL33 treatment induced IEC expression of REG3g in both mice and human cell lines. Mechanistically, IL33 activated STAT3, mTOR, and ERK1/2 in IEC. Inhibition of these pathways abrogated IL33-induction of REG3g. IL33 -/mice demonstrated higher bacteria loads and altered microbiota composition. IL33 did not directly inhibit bacterial growth, but promoted wildtype, not REG3gKO, IECs to kill bacteria in vitro. Consistently, C rodentium infection induced IEC IL33 expression, and IL33 -/mice demonstrated an impaired bacterial clearance with C rodentium infection.
T he intestinal epithelium is in direct contact with the external environment that contains tens of trillions of microorganisms. Shaped by coevolution with the microbiota, the host has evolved unique regulatory mechanisms to maintain a homeostatic balance between tolerance and immunity to the microbiota. 1 The epithelium, comprised of single layer of predominately intestinal epithelial cells (IEC), plays a vital role in the crosstalk between immune cells and the microbiota by forming a physical barrier between the lumen and the submucosa. To protect the barrier, IEC and Paneth cells secrete numerous substances and molecules, such as antimicrobial peptides (AMPs). 2, 3 There are several distinct protein families of AMPs produced in the intestine, including defensins, cathelicidins, and C-type lectins, such as the regenerating islet-derived protein (REG) family. 4 Among REG3 lectins, REG3g is the most widely expressed AMP in the small intestine of mice and humans, and is known for its selective activity toward bacteria, 4, 5 and for its expression in the large intestine during inflammation or microbial infection. 6 Although both the microbiota and interleukin (IL) 22 have been shown to stimulate IEC expression of certain AMPs, including REG3g, the mechanisms that regulate IEC AMP production are still not completely understood.
As a member of the IL1 cytokine family, IL33 (also known as IL1F11) is abundantly produced by IEC, especially during inflammation or injury, 7, 8 which classifies IL33 as an alarmin (alarm signal). However, the role of IL33 in intestinal homeostasis still remains controversial. This is because protective and pathologic roles for IL33 have been demonstrated in murine models of acute colitis. [9] [10] [11] [12] [13] [14] IL33 is suggested to have proinflammatory effects by activating several immune cells including T-helper cell type 2 cells and basophils. 10, 12 However, it has also been shown that IL33 inhibits experimental colitis in mice through promoting T-helper cell type 2/ Foxp3 þ regulatory T-cell responses. 9 Thus, the mechanisms involved in the crosstalk between IL33 and the intestinal immune responses are still largely unclear. Moreover, as yet, the potential roles of IL33 in regulating AMPs and in controlling gut microbiota symbiosis have not been well studied.
In this report, we demonstrate a significant reduction of REG3g expression in IEC of IL33 -/mice compared with the wild-type (WT) mice, suggesting that IL33 is crucial for REG3g expression by IEC. IL33 treatment promoted REG3g production by both human and murine IEC, and mouse intestinal enteroids. IL33 -/mice demonstrated an increased number in gut microbiota and altered composition. On oral infection, IL33 -/mice allowed more Citrobacter rodentium growth in the intestines compared with WT mice. Furthermore, IL33-treated WT, but not REG3g -/-, IEC inhibited bacterial growth. Our study, thus, demonstrated a novel role of IL33 in regulation of gut microbiota through the induction of IEC REG3g.
Results
REG3g Production in IEC Was Impaired in IL33 -/-Mice To investigate whether IL33 regulates IEC production of AMPs, we isolated IEC from the intestines of WT and IL33 -/mice and assessed the expression of REG3g and other AMPs by quantitative real-time polymerase chain reaction (qRT-PCR) for gene expression and Western blot analysis for protein production. Our results showed that REG3g production was significantly lower at both mRNA level ( Figure 1A ) and protein level ( Figure 1B ) in IEC of IL33 -/mice compared with WT mice, indicating IL33 is 1 of the important factors contributing to the induction of REG3g in IEC in vivo. However, deficiency of IL33 did not affect IEC expression of defensin-1, -2, -3, and -4, because the expression of those defensins showed no difference in IEC from WT versus IL33 -/mice ( Figure 1C ).
It has been reported that IL33 is constitutively expressed by endothelial cells in blood vessels and epithelial cells at various barrier tissues under steady conditions. 8, 15 To determine whether IEC expresses IL33 under steady conditions, we isolated IEC from WT mice. Because it has been shown that IL33 expression in IEC is increased on inflammation, we also isolated IEC from inflamed intestines of the mice suffered from colitis on Dextran sulfate sodium (DSS) insults to serve as the positive control. We then determined IL33 production in IEC by qRT-PCR for gene expression, enzyme-linked immunosorbent assay, and Western blot for protein levels. IEC produced IL33 at a low level under steady conditions, which was increased in IEC of the mice with colitis ( Figure 1D -F).
IL33 Promoted Expression of REG3g in Both Mouse and Human IEC In Vitro
To determine whether IL33 directly promotes IEC expression of REG3g, we treated MSIE, an immortalized epithelial cell line established from the intestines of normal mice, 16 with IL33 for 12 hours, and then measured the expression of REG3g and b-defensins. As shown in Figure 2A , IL33 treatment significantly induced the expression of REG3g, but not b-defensins-1, -3, and -4, in a dose-dependent manner. We also determined the kinetics of REG3g expression induced by IL33. MSIE were treated with IL33, and REG3g expression was measured at different time points from 1 hour to 24 hours. REG3g in MSIE cells was increased starting from 6 hours after IL33 treatment, reaching the plateau at 12 hours, and fading gradually thereafter ( Figure 2B ). To further confirm the results, we treated WT enteroids with IL33.
As shown in Figure 2C , IL33 promoted enteroid expression of REG3g. To rule out off target effect of IL33, we generated ST2, receptor of IL33, knockout (ST2 KO) MSIE cells by CRISPR, and then treated WT and ST2 KO cells with IL33. Notably, baseline of REG3g expression in ST2 KO MSIE cells was decreased compared with WT MSIE cells. Although IL33 induced WT MSIE cell expression of REG3g, it did not promote ST2 KO MSIE cell REG3g expression ( Figure 2D ). We also investigated whether IL33 stimulated production of itself in IEC as a positive loop to promote REG3g. We group) were treated with 10 ng/mL of IL33. The expression of REG3g was determined at different time points from 0 hours to 24 hours by qRT-PCR and normalized against GAPDH. (C) WT enteroids (n ¼ 3 wells/group) were treated with IL33 (20 ng/mL) for 48 hours, and REG3g expression was determined by qRT-PCR and normalized against GAPDH. (D) ST2 knockout (ST2 KO) and IL33 knockout (IL33 KO) MSIE cells (n ¼ 4 wells/group), generated by CRISPR, were treated with 10 ng/mL of IL33 together with WT MSIE cells. The expression of REG3g was determined by qRT-PCR and normalized against GAPDH. (E) MSIE cells (n ¼ 3 wells/group) were treated with 10 ng/mL of IL17 or IL22 in the presence or absence of 10 ng/mL of IL33 for 12 hours. The expression of REG3g was determined by qRT-PCR and normalized against GAPDH. (F) WT (n ¼ 4) and IL33 -/mice (n ¼ 4) were administered intraperitoneally with IL17 (1 mg/mouse) daily or IL22 (2 mg/mouse) every other day for 10 days. The IEC expression of REG3g was determined by qRT-PCR and normalized against GAPDH. (G) Human HT-29 cells (n ¼ 4 wells/group) were treated with a series of doses of human IL33 for 12 hours. The expression of REG3a was determined by qRT-PCR, and normalized against GAPDH. Significance was calculated using 1-way ANOVA test (A, B, D-G), or Student t test (C). *P < .05; **P < .01. Data are represented as means ± standard deviation. One representative of 3-5 experiments with similar results. generated IL33 knockout (IL33 KO) MSIE cells by CRISPR, and then treated WT and IL33 KO cells with IL33. Consistent with data from IL33 KO mice ( Figure 1A ), REG3g expression was greatly decreased in IL33 KO MSIE cells compared with WT cells. Interestingly, IL33 induced REG3g expression in IL33 KO MSIE cells at a lower level compared with WT MSIE cells ( Figure 2D ), indicating that IL33 stimulates production of itself in IEC as a positive loop to promote REG3g expression.
We then investigated if IL33 induces REG3g expression by IEC synergistically with IL17 and IL22, which have been shown previously to induce expression of REG3g in IEC. 17 We treated MSIE with IL33 in the presence or absence of IL17 or IL22. Consistent with previous observations, 17 treatment with IL17 or IL22 increased IEC expression of REG3g, which was further enhanced in the presence of IL33 ( Figure 2E ), indicating that IL33 induces REG3g synergistically with IL17 and IL22. To determine whether IL33 is involved in the IL17 and IL22 induction of REG3g in IEC, we administered WT and IL33 KO mice IL17 and IL22 intraperitoneally for 10 days. Interestingly, although IL17 and IL22 greatly promoted IEC expression of REG3g in WT mice, the levels of IL17-and IL22-induced IEC expression of REG3g were dramatically decreased in IL33 -/mice ( Figure 2F ), indicating that induction of IEC REG3g expression by IL17 and IL22 is partially dependent on induction of IL33.
To determine if IL33 also regulates expression of REG3 in human IEC, a human colonic epithelial cell line, HT-29, was stimulated with IL33 for 12 hours. Consistently, mRNA expression level of REG3a, the human ortholog of mouse REG3g, was enhanced in IL33-treated HT-29 cells in a dose-dependent manner ( Figure 2G ).
IL33 Induction of REG3g Was Mediated by mTOR, STAT3, and ERK1/2
We then explored the underlying mechanisms by which IL33 induces IEC expression of REG3g. We first measured the activation of STAT3, which has been shown to be crucial in the induction of REG3g, 18, 19 in MSIE cells after treatment with IL33. IL33 treatment activated STAT3 as evidenced by enhanced expression of phosphorylated-STAT3 (p-STAT3) detected by Western blot analysis ( Figure 3A ).
To determine if activation of STAT3 mediates IL33induction of REG3g in IEC, we inhibited STAT3 pathway by using complementary approaches, including using a STAT3 small molecule inhibitor, short interfering RNAs (siRNAs), and CRISPR. We then measured REG3g expression by qRT-PCR and Western blots. When the STAT3 inhibitor, HJC0152, 20 was added to the MSIE cell cultures with IL33, IL33-induction of REG3g was greatly reduced ( Figure 3B ). To further confirm these results, we transfected MSIE with STAT3 siRNA. Nontargeting siRNA was used as controls. Silencing STAT3 led to decreased REG3g mRNA expression and protein production in MSIE cells ( Figure 3C and D). Consistently, knockout of STAT3 by CRISPR also inhibited IL33-induction of REG3g in IEC ( Figure 3E and F). Together, these data indicated that STAT3 mediates IL33-induction of REG3g in IEC.
It has been shown that the mTOR and MEK-ERK pathways are required for the activation of STAT3. 21, 22 To investigate whether IL33 activates mTOR and MEK-ERK, we assessed levels of the phosphorylated-mTOR (p-mTOR) and the phosphorylated-ERK1/2 (p-ERK1/2) in MSIE cells after treatment with IL33. Indeed, IL33 treatment activated mTOR and ERK1/2 ( Figure 3A ). We then investigated if mTOR and ERK1/2 are also involved in IL33-induction of REG3g in IEC. Addition of mTOR inhibitor, AZD8055, or ERK1/2 inhibitor, U0126, into MSIE cell cultures inhibited the IL33-induced REG3g expression ( Figure 3G and H). We next specifically silenced mTOR, and MEK1, the upstream kinases of ERK1, respectively, by siRNAs. Nontargeting siRNA was used as controls. As shown in Figure 3C and D, blockade of the mTOR and MEK1 pathways greatly inhibited IL33-induced REG3g expression, at both gene and protein levels, in MSIE cells. Knockout of mTORC1, MEK1, and MEK2 by CRISPR further confirmed these results ( Figure 3E and F). These results thus indicated that mTOR and MEK-ERK1/ 2 were involved in IL33-induction of REG3g in IEC.
Next, we investigated how these 3 pathways interact to mediate IL33-induction of REG3g in IEC. We knocked out STAT3, mTOR, and MEK1/2 in MSIE cells by CRISPR individually, and then determined how knockout of 1 pathway affects the activation of others induced by IL33. As shown in Figure 4A -D, knockout of mTOR did not affect ERK1/2 activation but significantly inhibited STAT3 activation induced by IL33 as evidenced by decreased phospho-STAT3 by Western blots. Similarly, knockout of MEK2 did not affect mTOR activation but inhibited STAT3 activation. In contrast, knockout of STAT3 did not affect activation of mTOR and ERK1/2. Put all together, these data suggested mTOR and MEK acted as upstream regulators of STAT3 in IL33induction of REG3g in IEC ( Figure 4E ).
Because IL33 has been shown to be able to activate nuclear factor (NF)-kB, 23, 24 we also investigated whether NF-kB mediates IL33-induction of REG3g in IEC. We added Bay 11-7082, an NF-kB inhibitor, 25 into the MSIE cultures along with IL33. The REG3g expression was not affected by Bay 11-7082 supplementation ( Figure 5A ), suggesting that IL33-induction of REG3g was not dependent on activation of NF-kB. In addition, gene expression of cytokine signaling 3 (SOCS3), which is a negative regulator of STAT3, 26 and hypoxia-inducible factor 1a (HIF-1a), a downstream signaling molecule of mTOR, 27 was not affected by IL33 in MSIE cells ( Figure 5B and C). It has been shown that IL33 administration promoted IL33 receptor (ST2) in splenic and thymic regulatory T cells in mice 28 ; however, the expression of ST2 was not regulated by IL33 in epithelial cells ( Figure 5D ).
IL33 Regulates the Gut Microbiota
Because REG3g has been shown to play crucial roles in maintaining intestinal homeostasis against microbiota, and our studies demonstrated that IL33 promoted IEC production of REG3g, we then determined if IL33 regulates gut microbiota under normal conditions. We first assessed the total gut microbiota by using the 16S gene expression determined by qRT-PCR in WT and IL33 -/mice. As shown in Figure 6A , the levels of gut bacteria were significantly higher in IL33 -/mice than that of WT mice, indicating that there was more gut microbiota in the absence of IL33, indicative of IL33 controlling gut microbiota under steady conditions. We next compared the composition of the fecal bacterial communities of IL33 -/and WT mice by using 16S rRNA pyrosequencing analysis. The principal coordinates based on an unweighted UniFrac principal coordinate analysis clearly separated the samples from the 2 mouse lines ( Figure 6B ), indicating that the composition of the fecal bacterial community was altered by deficiency of IL33. Taxonomically, differences in the microbial distributions of WT and IL33 -/mice were found at classifications from phylum to genus. At the genus level ( Figure 6C ), IL33 deficiency led to increased levels of Alistipes, Bacteroides, Ruminococcus, Ruminiclostridium, and Lachnospiraceae NK4A136 group ( Figure 6D-H) , whereas Desulfovibrio and Mucispirillum was substantially decreased in IL33 -/mice ( Figure 6I and J).
IL33 Inhibits Bacterial Colonization in the Intestines
To further investigate whether IL33 deficiency affects gut bacterial colonization, we infected WT and IL33 -/mice with C rodentium, a enteric bacterial strain that has been widely used to induce a transient distal colitis in mice. 29 We collected the feces at Day 7, 14, and 21 after infection, and performed an agar-plate culture for C rodentium count. Colony counts of the fecal C rodentium were higher in the IL33 -/mice compared with WT control animals at Day 14 ( Figure 7A ), suggesting that IL33 controls colonization of C rodentium in vivo. To determine whether C rodentium infection triggers IL33 production by IECs, we assessed IEC IL33 expression after C rodentium infection by qRT-PCR. C rodentium infection promoted IEC expression of IL33 ( Figure 7B ). Consistently, treatment with C rodentium antigen also increased IL33 expression by MSIE cells ( Figure 7C ). To investigate whether altered microbiota in IL33 -/mice contributes the difference of C rodentium clearance, we cohoused IL33 -/mice and WT littermates at weaning (3 weeks old) and infected them with C rodentium at 6-8 weeks old to potentially limit the effects of microbiota difference. The fecal C rodentium load was only detected in IL33 -/mice at Day 17 with lower REG3g expression in IEC but not in WT mice ( Figure 7D and E).
IL33-Treated IEC Inhibits Bacterial Growth In Vitro Partially Through Induction of REG3g
To further determine the mechanisms by which IL33 controls C rodentium, we conducted the antibacterial experiments by culturing C rodentium with the crude extracts of MSIE cells pretreated with or without IL33. We also added IL33 alone to C rodentium culture to determine if IL33 can directly kill C rodentium. IL33 alone did not affect the growth of C rodentium ( Figure 7F ). However, after cultured with the crude extracts from IL33-treated MSIE cells, the growth of C rodentium was inhibited compared with that with the extracts from control MSIE cells at both 12 hours and 18 hours ( Figure 7G ). We then investigated whether induction of REG3g by IL33 regulates the inhibitory effects on bacteria. To this end, we generated REG3g knockout (REG3g KO) MSIE cells by CRISPR, and then treated WT and REG3g KO MSIE cells with IL33. The extracts of the cells were then added to the culture of C rodentium. As shown in Figure 7G and H, although IL33 treatment promoted WT IEC inhibition of C rodentium, it did not promote REG3g KO IEC inhibition of the bacteria. Moreover, REG3g KO IEC allowed more C rodentium growth compared with WT IEC (Figures 7I) , indicating that the IEC production of REG3g induced by IL33 plays a key role in inhibition of C rodentium growth. Taken together, A-B) WT and IL33 -/mice (n ¼ 4/group) were orally infected with C rodentium. Total counts of fecal C rodentium were determined at Day 14 (A), and IEC expression of IL33 was determined by qRT-PCR and normalized against glyceraldehyde-3-phosphate dehydrogenase (phosphorylating) (GAPDH) (B). (C) MSIE cells (n ¼ 3 wells/group) were treated with C rodentium lysates at different dose for 6 hours, the expression of IL33 was determined by qRT-PCR and normalized against GAPDH. (D, E) IL33 -/mice and WT littermates (n ¼ 4/group) were cohoused at weaning and infected with C rodentium orally at 6-8 weeks old. Total counts of fecal C rodentium were determined at Day 17 (D), and IEC expression of IL33 was determined by qRT-PCR and normalized against GAPDH (E). C rodentium were cultured with media alone with or without IL33 (n ¼ 3 wells/group) (F), or the crude extracts of WT (G) and REG3g KO (H) MSIE cells (n ¼ 3 wells/group) that were pretreated with or without IL33. The OD values (600 nm) were measured at different time points. (I) After treated with the extracts of IL33-pretreated WT or REG3g KO MSIE cells (18 hours) (n ¼ 3 wells/group), bacteria culture suspensions were colonized to solid culture plates for colony counting. Significance was calculated using Student t test. *P < .05. Data are represented as means ± standard deviation. One representative of 3-5 experiments with similar results. CR, Citrobacter rodentium; CRL, Citrobacter rodentium lysates. these data indicated that IL33 promoted IEC clearance of C rodentium, which is at least partially mediated by induction of REG3g.
Discussion
It has been shown that the expression of mucosal IL33, localized primarily to IEC, is increased during inflammation and mucosal wound healing. 30, 31 Under such conditions, epithelial-derived IL33 triggers both T-helper cell type 1 and T-helper cell type 2 inflammatory responses via the IL33/ST2 axis. 32 Although epithelial cells have generally been identified as a primary source of IL33, very few studies have been conducted to examine whether IL33, in turn, regulates the function of epithelial cells, the primary producers of IL33 in the intestines. Antimicrobial proteins and peptides are also produced by epithelial cells, and play important roles in host antimicrobial defense during intestinal homeostasis and inflammation. 33 In this study, we explored the possible connection between IL33 and epithelial-produced AMPs for the first time. Our data from both in vitro and in vivo studies demonstrated that IL33 induced the expression of REG3g in IEC and contributed to gut microbiota symbiosis, thus providing a novel selfregulatory mechanism for IEC in protecting themselves by producing IL33.
It has been reported that under steady conditions, endothelial cells in blood vessels and epithelial cells at various barrier tissues express IL33 constitutively. 8, 15 It can be released on stimulation by multiple factors, including TLR ligands. Because intestines host huge amounts of microbiota, it would not be surprising that some of IL33 stimulators are produced by gut microbiota constantly, even at very low concentration. This would serve as 1 of regulatory mechanisms that regulate intestinal homeostasis against microbiota. Indeed, by using enzyme-linked immunosorbent assay and Western blots, we did detect a measurable level of IL33, which could be readily released on stimulation by gut microbiota products. Constant production of IL33 in vivo, even at low levels, functions on various cells. Our study also demonstrated a loop of IL33 promoting production of itself to inducing REG3g, in that IL33 induced Reg3g expression by IL33 KO IEC at lower levels compared with that in WT IEC.
The role of IL33 in regulation of intestinal homeostasis is still not completely clear because protective and pathogenic functions have been reported in different experimental settings. 12, 14, [34] [35] [36] Among many factors contributing to such controversial reports, differences in gut microbiota between different animal facilities could be a major confounding factor. Our current study demonstrated that IL33 controls total gut microbiota and the composition of gut microbiota, as determined by 16s rDNA sequencing analysis in IL33deficient mice. Furthermore, IL33 limits the survival of ingested microbes, such as C rodentium in vivo. Because IL33 did not directly kill or inhibit the growth of bacteria, this was likely mediated by IL33 promotion of IEC defense against gut bacteria, as IL33 treatment enhanced IEC clearance of bacteria. REG3g has been considered as an important regulatory factor of intestinal microbiota because of its bactericidal activity against gut bacteria. It has also been shown that REG3g has a protective role against infection with pathogenic Salmonella and Listeria in mice. 37 Interestingly, knocking out of REG3g in IEC decreased the capability of IEC-facilitated clearance of C rodentium induced by IL33, indicating that REG3g mediated, at least partially, IL33-induced IEC defense against bacteria. Although when cohoused with WT littermates at weaning, which potentially limits the effects of microbiota difference, IL33 -/mice still demonstrated the impaired C rodentium clearance, our data did not directly address whether the response to C rodentium infection in IL33 KO mice is caused by the difference in microbiota composition. Thus, the impaired bacteria clearance in IL33 -/mice could be at least partially caused by dysregulated IL33 regulation of Reg3g expression. Our in vitro data showed that IL33-treated IEC controlled C rodentium growth, which was mediated by IL33-induced Reg3g, and independent of microbiota because there was no microbiota in that in vitro culture system. Although these data do not exclude the roles of altered microbiota or the roles of other types of cells could affect C rodentium infection in vivo, our study indeed demonstrated the roles of IL33-IEC-Reg3g axis in regulation of C rodentium infection. The hosts have developed multiple mechanisms controlling infection, intestinal injury, and constant exposure to microbiota. Many regulatory mechanisms involve self-regulation. We demonstrated that C rodentium infection promoted IEC expression of IL33, which in turn promoted IEC expression of Reg3g to control C rodentium infection, thus providing a novel self-regulatory mechanism in controlling intestinal homeostasis and enteric infection.
Although substantial progress has been made in the last several years, the exact signaling pathways mediating IEC production of REG3g are still not completely understood. We demonstrated here that IL33 activated STAT3 in IEC, and inhibition of STAT3 impaired IL33-induction of REG3g in IEC, indicating that STAT3 mediated IL33-induction of REG3g in IEC, which is consistent with a previous report. 18 Interestingly, IL33 also activated mTOR and MEK-ERK pathways in IEC, and knockout of each these pathways inhibited IL33-induction of REG3g in IEC, indicating that the mTOR and MEK-ERK pathways are also involved in IL33induction of REG3g in IEC. However, IL33 did not affect SOCS3, an important feedback inhibitor of the STAT3 pathway, 38 suggesting that the regulation of STAT3 by IL33 is not via the STAT3/SOCS3 axis. NF-kB is activated by IL33. 23, 24 Although there is little evidence that NF-kB directly regulates the expression of AMPs, some AMPs, such as human b-defensin-2, are regulated by TLR4-and TLR2-dependent pathways, which require NF-kB transactivation. 39 However, our data indicated that IL33induction of REG3g in IEC was NF-kB-independent.
Our studies demonstrated that mTOR, STAT3, and ERK1/2 were all involved in mediating IL33-induction of REG3g in IEC. These findings raised the questions about how these pathways act; namely, do they act independently or work together in that matter? Although it has been shown that the mTOR pathway was mediated by ERK in human keratinocytes, 40 and in mouse osteoblastic cells, 41 we showed that mTOR and ERK1/2 were 2 independent pathways in IL33-induction of REG3g in IEC. Specifically, knocking out mTOR did not affect activation of MEK/1/2 in IEC treated with IL33, and vice versa, knocking out MEK/1/2 did not affect activation of mTOR. However, STAT3 activation was inhibited by knocking out either mTOR or MEK2, indicating that mTOR and MEK2 are the upstream pathways of STAT3 in IL33-induction of REG3g in IEC. This is consistent with a previous report that showed that mTOR was able to regulate STAT3 pathway. 42 Although a previous study suggested STAT3 serine phosphorylation can be mediated by both ERK-dependent and-independent pathways, 43 we demonstrated that the phosphorylation of STAT3 is MEK2dependent in IL33-induction of REG3g in IEC. However, it is still unclear whether IL33 directly activates STAT3, because our current data cannot exclude such possibility.
In summary, our study demonstrated that IL33, which is produced by IEC in response to injury and inflammatory stimulation, in turn, promotes IEC expression of REG3g, and controls the gut microbiota of the host. We, thus, identified a novel self-regulatory mechanism in controlling intestinal homeostasis in which IEC produces IL33 to protect themselves against the overwhelming invasion of gut microbiota.
Materials and Methods
Mice C57BL/6 mice were purchased from the Jackson Laboratory (Bar Harbor, ME). IL33 -/mice on C57BL/6 background were kindly provided by Dr. Rene de Waal Malefyt (Merck, Palo Alto, CA), and bred with WT C57BL/6 mice. WT and IL33 -/littermates were cohoused and used as indicated in the text. All mice were housed under specific pathogen-free conditions at the animal resource center of University of Texas Medical Branch at Galveston. All experiments were reviewed and approved by the Institutional Animal Care and Use Committee of University of Texas Medical Branch at Galveston.
Isolation of IEC
The intestines were removed from the euthanized mice, cut into small segments, and rinsed thoroughly with cold phosphate-buffered saline (PBS). After incubating in PBS containing 0.5 mM EDTA at 37 C for 40 minutes under slow rotation, the epithelial layer was pooled and passed through a 100-mm strainer (Cat# 120-018-899, Lot# 5150310608, Miltenyi Biotec, San Diego, CA). The pellet of epithelial cells was layered on 20%-40% gradient Percoll-RPMI solution, and centrifuged at 2000 rpm for 20 minutes at 25 C. IEC were collected from the interphase.
Epithelial Cell Culture
MSIE cells were cultured in RPMI 1640 medium with 5 U/mL murine interferon-g , ITS (5 mg/mL insulin, 5 mg/mL transferrin, and 5 ng/mL selenous acid), 100 U/mL penicillin/ streptomycin, and 5% fetal-bovine serum at 33 C. Before treated with IL33, MSIE cells were starved in RPMI 1640 media with 0.5% fetal-bovine serum and 100 U/mL penicillin/streptomycin for 16 hours. IL33 treatments were performed at 37 C; dosage and duration are described in the text.
Enteroid Culture
The small intestines were cut, minced, and treated with 2 mM EDTA, and then treated with 43.3 mM sucrose and 54.9 mM sorbitol in cold PBS. After filtering through a 70-mm cell strainer, the supernatant was collected and centrifuged. The pellets containing detached crypts were resuspended in Matrigel with 0.5 mg/mL rEGF, 1 mg/mL rNoggin, 5 mg/mL rR-spondin, and 1 mg/mL rWnt3a. Matrigel of 50 ml with 500 crypts was plated, and cultured in 500 mL advanced DMEM/F12 medium supplemented with 1 Â N2, and 1 Â B27 for 5 days.
siRNA Transfection siRNA transfection in MSIE cells was performed by using Lipofectamine RNAiMAX Transfection Reagent according to the manufacturer's instructions. The 2 Â 10 5 MSIE cells were incubated with 30 pmol siRNA and 3 mL Lipofectamine RNAiMAX transfection reagent in 1 mL per well OPTI-MEM medium for 6 hours in a 24-well plate, followed by replacing with 1 mL normal medium per well for 24 hours at 33 C. Transfection efficiency was determined at 24 hours post transfection. MSIE cells were then cultured in serumstarved conditions for 16 hours at 33 C before treatment. The treatments were performed at 37 C; dosage and duration are described in the text.
Quantitative Real-Time PCR
Total RNA was extracted with TRIzol (Cat# 15596018, Lot# 74101, Life Technologies, Waltham, MA) and quantified for cDNA synthesis. qRT-PCR reactions were performed by using SYBR Green Gene Expression Assays (Cat# 1725124, Lot# 64201094, Bio-Rad, Hercules, CA). The primers used for SYBR Green system are listed in Table 1 . Predesigned primers 
Western Blot
The total protein of the cells was isolated through radioimmunoprecipitation assay with phenylmethanesulphonyl, protease inhibitor cocktail, and phosphatase inhibitors. The concentration was determined using a BCA Protein Assay kit. A total of 6 mg of protein was separated electrophoretically by NuPAGEBis-Tris mini gels and probed with REG3g, phospho-mTOR, phospho-STAT3, phospho-MEK1, and phospho-MEK2 primary Abs, followed by incubation with a horseradish peroxidase-conjugated antirabbit secondary antibody. The bands were detected by enhanced chemiluminescence assay (Cat# 34080, Lot# RJ238638B, Thermo Fisher Scientific).
Knockout of IL33, ST2, STAT3, mTOR, MEK, and REG3g by Using CRISPR
The CRISPR/Cas9 system, lentiCRISPR v2 (Addgeneplasmid # 52961), was established by the Zhang laboratory. 44 The design and cloning of the target guide RNA sequences was performed as recommended by the Zhang laboratory GeCKO Web site (http://www.genomeengineering.org). Briefly, the suitable target sites for guide RNA sequence against STAT3, mTOR, MEK, REG3g, IL33 and ST2 were identified by using CRISPR design tool software at http://crispr.mit.edu. Cas9-target sites for the indicated genes were designed in http://crispr.genome-engineering. org. The synthetic guide RNAs (Integrated DNA Technologies, Coralville, IA) containing target sites were subcloned into the lentiCRISPR v2 vector, and transfected into MSIE cells. After antibiotic positive selection, cells were established as a stable cell line. Guide RNA oligo sequences for lentiCRISPR v2 are listed in Table 1 .
qRT-PCR for Bacterial 16S rDNA
Fecal pellets were collected and fecal DNA was extracted using PowerSoil DNA Isolation Kit (Cat# 12888-50, Lot# 160021967, Qiagen). Relative quantification of bacteria was performed by qRT-PCR using the primers targeting 16S ribosome (Fwd: TCCTACGGGAGGCAGCAGT, Rev: GGACTAC-CAGGGTATCTAATCCTGTT), and data were normalized to eukaryotic b-actin.
16S rRNA Pyrosequencing Analysis
Fecal bacterial DNA was isolated using a QIAAMP PowerFecal DNA kit (Cat# 12830-50, Lot# 160044775, Qiagen) according to the manufacturer guidelines. The isolated DNA was amplified using universal V3-V4 16S rRNA V3-V4 region primers. 45 Sequencing was performed with an Illumina MiSeq instrument in 2 sequencing runs resulting in 35,000-105,000 base pair paired reads according to the manufacturer guidelines. The raw sequencing reads were trimmed and filtered based on initial quality assessment using CLC Genomics Workbench 10.0.1. To identify the presence of known bacteria, the subsequences were analyzed using CLC Genomics Workbench 10.0.1 Microbial Genomics Module. Reference based OTU picking was performed using the SILVA SSU v119 97% database. 46 Sequences present in more than 1 copy without assigned taxa using with above were placed into de novo OTUs (97% similarity) and aligned against the database with 80% similarity threshold using MUS-CLE alignment. As result, 1156 taxonomic units were identified based on 325,886 total reads excluding singletons. In Vitro Killing of Bacteria by the Protein Extracts of IL33-Treated MSIE Cells WT and REG3g knockout MSIE cells were cultured with or without IL33 for 18 hours, then crude protein was extracted from cells in RPMI-1640 media supplemented with 1 mM PMSF. The protein concentration of the extracts in each group was diluted to 1.2 mg/mL. C rodentium strain DBS100 (ATCC) was added MSIE extracts or control media with an initial OD (600 nm) of 0.1-0.2. The bacteria cultures were kept at 37 C for up to 18 hours in aerobic condition. Then the bacteria culture suspensions were colonized to solid culture plates overnight for colony counting. MacConkey's agar plates were used for C rodentium growth.
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Statistical Analysis
Student t test was used to determine levels of significance for comparisons between samples by using Graphpad Prism 6.0 software. Student t test was used to determine levels of significance for comparisons between 2 groups, and 1-way analysis of variance test was performed to analyze the difference among groups by using Graphpad Prism 5.0 software. Results are shown as mean ± standard deviation. Statistical significance is indicated as follows: *P < .05; **P < .01.
